impairing DNA repair. Importantly, our results indicate that ARID2-deficiency could be(CIBERER).
INTRODUCTION
Lung cancer is the major cause of cancer-related deaths worldwide. The average 5-year survival rate is below 20% irrespective of the subtype, a figure that has only marginally improved in last decades 1 . Consequently, any new knowledge about the molecular mechanisms that drive this disease could have a great impact on the treatment of patients. In recent years, large genomic projects have facilitated the identification of major players in this tumor type. Thus, small cell lung cancer (SCLC) which constitutes around 15% of all cases, is mainly driven by mutations in TP53 and RB1, but the role of other genes like PTEN, SLIT2 or CREBBP has been also described 2 .
Among non-small cell lung cancer (NSCLC), more than half of the cases are adenocarcinomas, where KRAS, EGFR, ALK, ROS1 and BRAF are the main recurrently altered genes and used as markers for sensitivity to specific anti-tumor therapies 3 , while squamous cell carcinomas (SCC) are genetically more heterogeneous and poor in actionable mutations so far.
Lately, several members of the SWI/SNF family of chromatin remodeling complexes have been identified recurrently altered in different tumor types adding to the accumulated compelling evidence on the role of chromatin structure in cancer development. It is estimated that approximately 20% of all tumors contain alterations in these complexes, a frequency that is only exceeded by mutations in TP53 4 . In the case of non-small cell lung cancer, the expression of any of the two mutually exclusive catalytic ATPase subunits (SMARCA2 or SMARCA4) is lost in 30% of the cases where it is associated with worse prognosis 5 . Additionally, ARID1A, which encodes for one of the auxiliary subunits of the complex, frequently appears mutated in lung adenocarcinoma 6 .
MATERIALS AND METHODS
Detailed protocols can be found in Supplementary Methods.
Next-generation sequencing.
Cancer patient primary samples and, when available, matched corresponding normal samples, were obtained from different tumor Biobanks. In all the cases, we counted with the prior approval of the corresponding ethics committee for each institution. A detailed list of the origin and characteristics of each sample can be found in Supplementary Table 1 . DNA was extracted from fresh frozen tissue or cell lines using the Agencourt DNAdvance Beckman Coulter kit (#A48705, Beckman Coulter, Brea, CA, USA), fragmented and submitted to a series of enzymatic steps including End-repair and Adenylation, PE adaptor ligation and PCR indexing amplification. Target capture were performed on pools of 96 libraries using a Sure Select® user-defined probe kit (Agilent Technologies, Palo Alto, CA, USA). Massively parallel sequencing was carried out in a High-Seq® machine (Illumina, USA) with a 100bp paired end (PE) protocol. A single lane was performed for each 96-library pool.
ATAC-Seq libraries were generated according to previously reported protocols with minor modifications. Mainly, cell nuclei were extracted using cold lysis buffer (see supplementary methods) and submitted to tagmentation (Nextera DNA Library Preparation Kit, Illumina, USA).
After purification, common adapters included in previous step were used to complete Illumina sequencing full adapters by PCR with Phusion High Fidelity DNA polymerase (Thermo Fisher Scientific, UK). Resulting libraries were submitted for sequencing in a High-Seq machine (Illumina, USA) with a 75 bp paired-end protocol. On average more than 100 million reads were generated in triplicates for each condition.
Total RNA was isolated and purified using Extract Me Total RNA Kit (Blirt, USA) .
Reverse transcription was performed using the Takara PrimeScript cDNA Synthesis kit (Takara Bio Europe, France). For cDNA library preparations, poly-A mRNA was enriched, fragmented, and submitted to cDNA generation using PrimeScript Enzyme for first strand and RNAse HI, DNA polymerase I and T4 DNA Polymerase (Thermo Fisher Scientific, UK) for the second strand.
Afterwards, genomic libraries were generated as above. A minimum of 70 million 75 paired-end reads was generated of 4 replicates of each sample group. Finally, individual mRNA expression was measured by qRT-PCR using Luminaris Color HiGreen qPCR Master Mix (Thermo Fisher Scientific, UK) with StepOnePlusTM real-time PCR system (Applied Biosystems, Foster City, CA). β-actin was used as housekeeping gene and the ΔΔCt method was used for quantification and comparison.
Sequencing Data Analysis
DNA Raw sequence data was mapped to the human genome (hg19) using BWA 0.7.3 7 .
Additionally, Samtools 0.1.18 8 , Picard 1.61 (http://broadinstitute.github.io/picard/) and GATK 2.2.8 9 was used for format transformation, sorting and indexing of the bam files, as well as to clean the alignment, mark PCR duplicates and perform local realignment around the indels. An in house written software call RAMSES 10 and PINDEL 0.2.4d 11 were used for substitutions and small insertion and deletion identification respectively. All ARID2 mutations were validated by PCR amplification coupled with ultrasequencing at a minimum of 10,000 x coverage. Additionally, a similar orthogonal validation of more than 180 mutations randomly picked showed a near 80% of specificity in the mutation calling. Functional consequence of the mutations was annotated using ensembl database v.73 through the Perl API. OncodriveFML software was run to detect genes with evidence of selective pressure from the analysis 12 .
ATAC-Seq reads were aligned against the human genome (hg19) using BWA 0.7.3 7 .
Accessible regions were identified using MACS 2.1.2 13 . A combined list of all the regions identified in all the samples was used to perform significant region accessibility in ARID2-deficient cells versus control using DESeq2 14 . Region annotation was performed using ChIPSeeker software 15 . BEDTools 16 was used to estimate the overlapping of the identified regions with ENCODE publicly available data and the results were plotted using deeptools v3.3.1 17 . Motif enrichment analysis were performed using HOMER 18 . Finally, alignments were visualized using IGV genome browser 19 .
Paired-end reads from RNA-Seq were aligned using Tophat 20 to the human genome (hg19).
Predicted transcripts from Ensembl database were analyzed and transcripts that would lack a CDS start or stop site were filtered out. Differentially expressed genes (DEG) were identified using HTSeq + DESeq 21, 22 .
Cell Culture and in vitro assays
Both A549 and H460 lung cancer cell lines were obtained from The Francis Crick Institute common repository, authenticated by STR profiling, and tested for mycoplasma. For stable cell line generation, tetracycline-inducible pTRIPZ constructs V2THS_74399 (v2), V3THS_347660 (v3) were used for ARID2 knockdown (Dharmacon/GE Healthcare, Lafayette, CO, USA). The empty vector (RHS4750) was used as control. Virus production were performed by transfecting HERK293-T/17clone cells with the pTRIPZ constructs, psPAX2 and pMD2.G plasmids (Addgene) using Fugene HD (Promega Madison, WI, USA). Infected cells were selected with 1 μg/ml puromycin and isolated by FACS using a FACS-Aria II cell sorter (Becton Dickinson, BD, Franklin Lakes, USA) based on TurboRFP expression after the induction with 1 µg/ml of Doxycycline Growth curve analysis was performed over a period of fourteen days by cell counting with a hemocytometer or by PrestoBlue® assay (Thermo Fisher Scientific, UK). Cell proliferation was also analyzed using the carboxyfluorescein diacetate succinimidyl ester labeling method with the CellTrace™ CFSE Cell Proliferation Kit (Invitrogen, CA, USA) in cells synchronized by gradual serum deprivation following the protocol described by Lauand and collaborators 23 . The cell proliferation index was analyzed using MODFIT software (Verity, USA). Proliferation index was the sum of the cells in all generations divided by the calculated number of original parent cells.
In vitro cell migration assays were performed by using 8-μm pore size transwell chambers were fixed in 4% PFA followed by crystal violet staining for microscope visualization. For the invasion assays, the cells were plated on a growth factor-reduced Matrigel (BD Biosciences) precoated 8 μm pore transwell chamber. Invasive cells were quantified by fixing chambers in 4% paraformaldehyde for 10 min and staining with crystal violet.
Inhibition assays were performed to determine the half maximal inhibitory concentration (IC50) values for different antitumoral drugs. Cells were cultured for 24 hours in different drug concentrations. Viability was determined by PrestoBlue® reagent (Thermo Fisher Scientific, UK) and measured using a Multiskan FC Microplate Photometer (Thermo Fisher Scientific, Waltham, MA) with wavelengths set at 540 and 620 nm. IC50 value for each drug were determined with Prism software (GraphPad, USA) to fit curves to the dose response data.
In vivo tumorogenesis assays
Animal studies were conducted in compliance with guidelines for the care and use of laboratory animals and were approved by the Ethics and Animal Care Committee of the Universidad de Cantabria. For proliferation assays, five million cells were subcutaneously injected into the flanks of the 6-8-week-old female nude mice (Athymic Nude-Foxn1nu, Envigo, UK). For metastasis assays, 2.5 million of cells were tail injected into 6-8-week-old female nude mice. The animals were treated with 2 mg/mL of Doxycycline in the drinking water. 
Western blot analysis

Immunohistochemistry analysis
For ARID2 detection on paraffin sections, antigen retrieval was performed for 32 minutes at 97 ºC in citrate buffer pH 6, incubated with 1:300-1:500 anti-ARID2 antibody (abcam ab113283) and developed with HRP-polymer secondary antibodies (Optiview, Roche). ARID2 expression was evaluated by two pathologists on coded tissue sections, without information about the ARID2 mutation status. Only surgical pathology cases with enough material, both tumor and non-neoplastic surrounding tissue, were considered for ARID2 immunohistochemistry. After initial independent evaluation by the two pathologists, scoring ARID2 expression relative to normal adjacent tissue, a consensus score was reached viewing the slides at a multiheaded scope.
Immunofluorescence was performed in stable cells fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. The cells were permeabilized with 0.5% Triton X-100 in PBS and blocked with 3% BSA in PBT (PBS containing 0.05% Triton X-100). Finally there were subjected to immunofluorescence staining with ARID2 antibody ( 
RESULTS
Loss of ARID2 protein expression in 20% of lung cancer patients is partially explained by the presence of driver ARID2 mutations.
In order to understand better the role of chromatin remodeling complexes in lung cancer development, we performed a genetic screening on the coding sequences of known cancer genes as well as members of the main chromatin remodeling complexes (Suppl. Table 2 ). We applied targeted next-generation sequencing technologies in a collection of 81 lung cancer cases (40 lung adenocarcinomas, 12 squamous cell carcinomas and 29 small cell carcinomas) (Suppl. Table 1 ).
Interestingly, we found mutations in ARID2 in 5 of the patients (Figure 1a and Suppl. Table 3) .
Additionally, when we run OncodriveFML 25 analysis to identify lung cancer driver genes in our data, ARID2 showed significant positive selection after multi-test correction, just below TP53
( Figure 1b and Suppl. Table 4 ). To validate these results, we performed targeted sequencing in a second cohort of 144 lung adenocarcinoma cases finding mutations in 12 patients, for a total frequency of ARID2 mutations of 7.5 % (17/226) (Suppl . Table 3 ). In the case of lung adenocarcinoma, we found ARID2 non-synonymous mutations in 7% of the samples (13/185) which is higher than the frequency reported in COSMIC database for this tumor type (3.7 %, 83/2241) 26 and ranks ARID2 among the ten genes most commonly mutated in lung cancer. In concordance with a potential role of ARID2 as tumor suppressor, many of the identified mutations, clustered at the beginning of the protein sequence, are predicted to generate a premature truncation of the protein (Figure 1c and Suppl. Table 3) . Subsequently, to check if the loss of ARID2 function is a common feature in lung cancer, we performed immunohistochemistry analyses in 139 of the studied samples finding loss or low/heterogeneous ARID2 production in approximately 20% of the cases (28/139) ( Figure 1d and Suppl. Figure 1 ). Additionally, loss of ARID2 expression is significantly more frequent in ARID2-mutated patients (6/10 Fisher exact test p=0.0098).
Interestingly, this is also true for some samples with missense mutations, which suggests that these mutations might interfere with the correct folding or processing of the protein. Indeed, many of the mutations found are predicted to produce deleterious effects in the protein according to SHIFT or Polyphen algorithms (Suppl. Table 3 ). The presence of normal tissue contamination in the tumor samples as well as the sequencing strategy followed for normal tissue samples, prevented an estimation of the cellularity or the zygosity of the mutations to check if the wildtype ARID2 allele is lost during tumor progression. The fact that some non-mutated samples show also loss of ARID2 production suggests the existence of other, maybe epigenetic, mechanisms that could interfere with ARID2 expression.
ARID2-deficiency increases proliferative and metastatic potential in vitro and in vivo
In order to check if alterations in ARID2 could promote lung cancer development, we performed knock-down experiments in vitro using shRNAs. As it can be observed in Figure 2 a-b, ARID2 mRNA and protein production was efficiently reduced by two different shRNAs. This reduction was accompanied by an increase on the proliferation of A549 lung adenocarcinoma cell line. Additionally, we observed increased invasion and migration capacities of ARID2-deficient A549 and H460 NSCLC cell lines compared to those cells transduced with the empty vector ( Figure   2 c-e and Suppl. Figure 2 ). Moreover, when these cells were injected on immunocompromised mice, they showed a greater capacity to produce tumors in vivo (Figure 2f and Suppl. Figure 3 ).
Finally, RNA-Seq experiments in the transduced cell lines showed that loss of ARID2 was accompanied with changes in gene expression that support the observed phenotypes in the cells ( Figure 2g and Suppl. Table 5 ). Thus, we observed a downregulation of genes involved in cellular adhesion and cell differentiation such as NPNT, CDH6, FAT3, FN1, SOX2 or SDC2 as well as an upregulation of genes associated with a higher cell-cycle progression such as CDC45, MCM2 or HIST1H1E, which could be associated with the increased proliferation, migration and invasion capacities of ARID2-deficient cells. Additionally, we observed downregulation of other tumor suppression genes like RPS6K2, TNFSF10, ISM1 or LDLRAD4 together with upregulation of protumoral and anti-apoptotic genes like HOXB1, BCL2A1 or RCVRN. Transcriptional changes in selected genes were further validated by qRT-PCR in independently generated ARID2 knock-down cell lines (Suppl. Figure 4 ).
Altogether, these results prove that ARID2 plays a tumor suppressor function in lung cancer.
ARID2-deficiency is accompanied with profound chromatin changes around enhancers and promoters.
We hypothesized that gene expression changes observed in ARID2-deficient cells might by the result of changes in SWI/SNF chromatin remodeling activity. To investigate this, we performed ATAC-Seq experiments in transduced cells. ARID2 loss is accompanied with a significant increase of chromatin accessibility in 687 regions (Suppl. Table 6 ). These regions were located near of transcription start sites and showed higher enrichment of H3K4me3 histone mark according to ENCODE project data from A549 cell line, revealing the prevalence of promoter regions ( Figure   3a ). This indicates that ARID2 plays a repressive role in specific genes, keeping a closed chromatin structure around their promoters. On the other hand, ARID2-deficient cells show a significant loss of chromatin accessibility in 990 regions (Suppl. Table 6 ). These regions were located distal to gene transcription start sites ( Figure 3b ) and showed enrichment of enhancer specific H3K4me1 and H3k27ac histone marks. Concordant with this, AP-1 family transcription factor binding motif, described as abundantly present in enhancers 27 , is highly enriched on those regions that showed less accessibility on ARID2-deficient cells (Figure 3c ). All this support that ARID2 is essential to keep an open chromatin conformation around selected enhancers.
Altogether, these results indicate that ARID2 plays a dual regulatory role. On one side, ARID2 is essential to keep an open chromatin structure around the enhancers of positively regulated genes. On the other, ARID2 containing complexes regulate negatively specific genes maintaining a closed inactive chromatin structure around their promoters.
ARID2 is essential to maintain the expression of the metastasis inhibitor MTSS1.
In order to identify those genes whose expression might be deregulated specifically as the result of ARID2 loss, we compared our RNA-Seq results with differential expression analysis performed on human lung adenocarcinoma patients from TCGA database. Eighteen genes were found upregulated in both ARID2-deficient cells, and in low-ARID2 expressing lung adenocarcinoma patients (Suppl. Table 7 ). Among them, we found AREG, ERG or NGF growth factors that might explain the higher proliferation capabilities of ARID2-deficient cells (Figure 3d and Suppl. Table 7 ). In addition, we found 133 genes downregulated in both datasets indicating a main gene expression activating role of ARID2 in this cellular context.
Interestingly, among those genes whose expression rely on ARID2, we found MTSS1, a well described metastasis inhibitor 28, 28, 29 . The observed significant reduction of MTSS1 expression likely explain the higher invasion capabilities of ARID2-deficient cells. Additionally, we found a significant reduction of chromatin accessibility on an intronic region annotated as an internal MTSS1 enhancer in geneHancer database after ARID2 loss 30 . This observation is concordant with the hypothesis that MTSS1 expression is positively regulated by ARID2 by keeping an open chromatin structure at its enhancer (Figure 3e ).
ARID2 co-localizes to DNA-repair foci and its deficiency is associated with DNA-damage accumulation
Gene-set enrichment analyses (GSEA) on the transcriptional alterations observed in ARID2-deficient cells also showed a significant upregulation of genes involved in DNA repair, which reflects an activation of DNA detection and repair mechanisms in these cells (Figure 4a ).
Consequently, we hypothesized that ARID2 might play important roles in DNA repair. In order to explore this possibility, we performed immunofluorescence experiments to check the nuclear location of ARID2 in cells subjected to DNA damage. We observed that ARID2 co-localizes with γH2AX and 53BP1 at the DNA repair foci (Figure 4b and Suppl. Figure 5) . Moreover, ARID2deficient cells showed an increase in the number of DNA damage foci in response to DNA damaging agents (Figure 4 c,d ). All this demonstrates that ARID2 deficiency interferes with DNArepair mechanisms unveiling a second tumor promoting mechanism whereby ARID2 deficiency promotes carcinogenesis.
ARID2-deficiency increases cell sensitivity to chemotherapy and veliparib.
Considering the observed defects in DNA repair, we studied the possibility of exploiting ARID2 deficiency for cancer treatment. As platinum-based chemotherapy is widely used for the treatment of lung cancer patients 3 , we studied ARID2-deficient cell lines sensitivity to these therapies. As it can be seen in Figure 4e and Suppl. Figure 6 , in concordance with a role of ARID2 in DNA repair, ARID2-deficient cells exhibited a higher sensitivity to DNA damaging agents like cisplatin or etoposide compared to controls.
Additionally, in the last decade, many researchers have described a higher sensitivity of PARP inhibitors in tumors harboring defects in DNA repair mechanisms due to synthetic lethality 31 . Consequently, we checked if this might apply as well to ARID2-deficient cells. As it can be seen in Figure 4e , ARID2 loss is accompanied with a higher sensibility to veliparib, a well described PARP inhibitor that is under research in several clinical trials in breast, ovarian and, most importantly, lung cancer. Therefore, ARID2 deficiency could potentially be used as marker to direct PARP inhibitor treatment to lung cancer patients.
DISCUSSION
Although some evidence of the presence of ARID2 alterations in lung cancer have been reported previously 32 , the relevance of these alterations for oncogenesis has not been clearly proved. Our results showed an ARID2 mutation recurrency higher than the one reported in COSMIC database. Additionally, the distribution and predicted impact of the mutations found and our in-vitro and in-vivo experiments provided compelling evidence of the role of ARID2 as bonafide tumor suppressor in lung cancer. Supporting this, ARID2 has been already proposed as cancer driver gene in melanoma and hepatocellular carcinoma 33, 34 .
The precise molecular mechanisms by which alterations in chromatin remodeling complexes promote cancer development are not sufficiently understood. Interactions with well-described cancer genes like TP53, RB or MYC have been described [35] [36] [37] . In addition to this, they play essential roles in the activation of differentiation and the suppression of proliferative programs of many cellular lineages 38 . In this study we described a list of near 200 genes that are specifically deregulated after ARID2 loss in both our cellular model and in lung adenocarcinoma patients from the TCGA database. Some of these genes, like AREG, EREG or NGF growth factors might account for the higher proliferation capabilities of ARID2-deficient cells. In terms of the molecular mechanisms behind this regulation, we show that ARID2-deficiency is associated with profound chromatin structural changes. Our results prove that ARID2 is essential to keep an open chromatin structure in enhancer regions in agreement with an important role of different SWI/SNF members in regulating enhancer activity 39, 40 . One of these ARID2-dependent enhancers regulates MTSS1 expression that, consequently, shows a significant downregulation in ARID2-deficient cells. This suggests that ARID2 might regulate directly MTSS1 expression, although further work is necessary to finally confirm this. MTSS1 is a well described migration and invasion inhibitor, associated with worse prognosis in several tumor types 28, 29, 41 and its deficiency might well explain the higher migration and invasion capabilities of ARID2-deficient cells.
As a complementary mechanism, we observed an active role of ARID2 in the detection and repair of DNA damage in vitro in lung cancer cell lines. In accordance with this view, other members of the SWI/SNF complex have been shown to be involved in different steps of DNA damage repair [42] [43] [44] .
Finally, any advance in the possibility of exploiting therapeutically any vulnerability associated to deficiency in SWI/SNF complex genes is of great interest, as approximately 20% of all human cancers are reported to have alterations in this complex. In this study ARID2-deficient cells showed a higher sensitivity to different DNA-damaging therapies, likely as a result of the ARID2 involvement in DNA repair. Considering that platinum-based chemotherapy is still widely used in lung cancer patients with high variable success 3 , our results suggest that ARID2 expression might be explored as potential response biomarker for these therapies. Moreover, we show that ARID2 deficiency shows synthetic lethality with PARP inhibition using veliparib, an inhibitor that has shown good results in the treatment of breast cancer 45 and is included in several clinical trials on breast, ovarian and , most importantly, lung cancer. Our results suggest that the stratification of lung cancer patients according to ARID2 expression might improve the efficiency of PARP inhibitors in non-small cell lung cancer. Additionally, a very recent study has shown that ARID2deficient melanoma cells are particularly sensitive to immunotherapy through alterations in mTORC1 and IFNγ pathways 46 . Interestingly, we observed that some downstream response genes in these pathways such as GBP2, GBP3 and SCD5 are significantly downregulated in ARID2deficient cells (Suppl. Table 5 ). All these results support the potential use of ARID2 expression as a new biomarker for personalized treatment in lung cancer patients.
In summary, here we present compelling evidence for the role of ARID2 as tumor suppressor in lung cancer. Although ARID2 has been proposed as a driver gene in other tumor types 34, 47 , little has been reported about the molecular mechanisms underlying this involvement. In this work, we propose that its role in lung cancer is exerted in two ways, firstly by fostering a specific pro-oncogenic transcriptomic program as a result of changes in chromatin structure, and secondly by impairing DNA repair. Importantly, our results indicate that ARID2-deficiency could be exploited for lung cancer patient treatment. ARID2  CDH6  NPNT  FAT3  FN1  CHL1  SDK1  SDK2  FGFR2  RBPMS2   CXCR4  ROR2  CARD11  TLR2  SOX2  SDC2  HGF   CDC45  MCM2  MCM4  MCM6  HIST1H1E  TOP2A  NCAPG   RPS6KA2  TNFSF10  ISM1 
